It is currently believed that the trabecular structure in bone is the result of a dynamic remodeling process controlled bÿ mechanical loads. We propose a regulatory mechanism based on the hypothesis that osteocytes located within the bone sense mechanical signals and that these cells mediate osteoclasts and osteoblasts in their vicinity to adapt bone mass. A computer-simulation model based on these assumptions was used to investigate if the adaptation of bone, in the sense of Wolffs law, and remodeling phenomena, as observed in reality, can be explained by such a local control process. The model produced structures resem bling actual trabecular architectures. The architecture transformed after the external loads were changed, aligning the trabeculae with the actual principal stress orientation, in accordance with Wolffs trajectorial hypothesis. As in reality, the relative apparent density of the structure depended on the magnitude of the applied stresses. Osteocyte density influenced the remodeling rate, which also is consistent with experimental findings. Furthermore, the results indicated that the domain of influence of the osteocytes affects the refine ment of the structure as represented by separation and thickness of the struts. We concluded that the trabec ular adaptation to mechanical load, as described by Wolff, can be explained by a relatively simple regulatory model. The model is useful for investigating the effects of physiological parameters on the development, maintenance, and adaptation of bone.
More than a century ago, Wolff (50) put forward his trajectorial hypothesis, which implied that the inter nal structure of bone is adapted to mechanical de mands, such that the trabecular patterns coincide with stress trajectories. Although the hypothesis that the shape and internal structure of bone adapt to func tional or mechanical requirements generally has be come known as Wolffs law, the present idea that remodeling of bone is a continuous dynamic control process originated from Roux (40) . He suggested that the adaptive processes in bone are regulated by cells influenced by the local state of stress.
Only recently have scientists begun experiment ing with mathematical control models of mechanical bone-mass regulation (9, 16, 37) . The model of Cowin and Hegedus (9)-in particular, the theory of adaptive elasticity-provided the mathematical background for future developments. It assumed a continuous feedback loop between the maintenance of bone mass and local strain values in the tissues, enabling mathematical predictions of local bone regulation based on external loads. Others later proposed sim ilar mathematical remodeling rules, albeit introducing different kinds of mechanical signals to control the feedback loop to maintenance of mass (2, 7, (21) (22) (23) .
These authors used finite element methods to link external loads to local mechanical signals, thereby enabling computer simulations of bone-mass regula tion in complex geometrical structures, such as whole bones. It was shown in validation studies that these computer simulations could accurately predict long term formation and resorption of bone around ortho paedic implants in animals and humans (24, 45, 48) . Nevertheless, these are empirical models, not physio logical ones. They are useful to estimate the gross outcome of a remodeling process but do not explain anything about the remodeling process itself. In addi tion, these models regulate only bone mass and ignore the trabecular structure.
By coincidence, it was found that these kinds of computer models are likely to produce noncontinuous patchworks when used to simulate remodeling of a continuous, uniform material after application of an external load (47) . It was established that this phe nomenon was based on instable behavior of the finite element solution procedure in conjunction with a pos itive feedback loop. Since every element in the model acts as a more or less independent strain sensor and mass regulator, it acts in competition with its neighy boring elements. Each element tends to fill up to its maximum capacity or, alternatively, to fade out (47) . The results of these analyses were inconsistent with their underlying theory of continuum mechanics and hence impermissible. However, they inspired us to re examine the hypothesis of bone as a self-optimizing thetical regulatory mechanism. Hone remodel ing is assumed to be controlled by an adaptive local feedback loop. The osleoeytes in the ¡nine sense a local mechanical signal and in turn stim ulate the actor cells...the osteoblasts and osteo clasts in their vicinity. The actor cells adapt the local bone mass in accordance with the magni tude of the received stimulus, llus results in a change of the local mechanical properties, which again affects the local mechanical signal. structure, as proposed by Roux (40) , which resulted in tions are addressed in this paper. In addition, the ef inves M ETH O DS our proposal for a physiologically based mathematical fects of the physiological parameters in the model arc control model of local bone-mass regulation.
We hypothesize that osteocytes act as sensors of a mechanical signal or "mechanoreceptors" (10, 28, 29) and regulators of bone mass by mediating the actor cells-the osteoblasts and osteoclasts (Fig. 1 ). The mathematical model proposed to simulate this control process uses the strain energy density as the mechan ical signal that the osteocytes appraise (22) . The oste ocytes, distributed through the bone in a particular pattern, emit a stimulus in their environments equiv alent to the difference between the local strain energy The bone tissue is assumed to contain n osteocytes per cubic millimeter located in the minerali/cd matrix, with a total of N m the domain considered. Haeh ostcocyte i measures a mechanical signal Si(t) (MPa), the strain energy density in its location. In turn, the ostcocyte stimulates actor celts (osteoclasts and osteoblasts! to adapt tin: bone mass depending on the difference between the measured signal, S,(t), and a reference signal, k I K t he mtlu ence of an osteocvte on its environment is assumed to decrease * exponentially with increasing distance from the actor cells, Itu* influence of osteocvte i on the actor cells at location * is described density and a constant reference value. The actor cells by the spatial influence function regulate bone density in their area between zero and maximal density, dependent on the total stimulus they receive from the osteocytes, whereby the influence of an individual osteocyte stimulus diminishes expo nentially according to its distance from the actor cell concerned.
It was shown earlier that such a simulation model, when used together with the finite element method, produces trabecular patterns in an initial domain of uniform density after it is externally loaded (32) . Furthermore, in contrast to other models (19, 47) , the solution is spatially stable and mesh-independent, provided that the mesh is adequately refined (32) .
The purpose of this study was to investigate whether this proposed control model is indeed a via ble candidate for the cell-based bone-mass regulation process suggested by Roux. For that purpose, three questions had to be answered. First, if the parameters of the model (initial pattern of bone density, exter nal load, reference strain energy density, osteocyte density, and maximal bone elastic modulus) are given realistic values, does the model produce trabecular patterns of realistic morphology? Second, can the model confirm the trajectorial hypothesis of Wolff? And third, can the model reproduce adaptive re modeling phenomena found in reality? These ques-
where d^x) is the distance (mm) between osteocyte t and location x. The parameter D represents the distance (mm) from an os leocyte at which location its effect has reduced to e *; i.e.,
The relative density at location x is regulated bv the stimulus * * • value F(x.t), to which all osteocytes contribute, relative to then distance from x, hence
The regulation of the relative dcusitv m(x,t) m locution x ts governed by the rate
where t (MPa 1 s l) is a time constant regulating the rate oi the process. It is assumed that the osteocytes disappear at locations where the density approaches zero; hence, these sensors are dis connected in the model during the process. The local elastic prop erties were calculated from the local relative density with use of a * cubic power relationship in accordance with experimental data from Currey (U)-Therefore, the elastic modulus at location (\) is calculated from Ml where C (MPa) and y are constants. The model was applied to a square domain of 2 « 2 mm, with a thickness of 0.02 mm (20 pm ).'Hie domain was loaded at each face with uniform tensile or compressive and shear stress distributions* such that a particular principal slate of stress was mimicked, albeit J Orthop Res, Vol. 13, No. 4, 1995 
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local mechanical load. The results of Dunslan el al. (14) , who lound that patients with hip fracture who had extensive osleocyte death in the femoral head had mass were modeled, and only the net effects of the basic multicellular units were considered. Thus, the model cannot be used to investigate changes in osteolittle microiraeture callus compared with patients with clast or osteoblast activity. Implicitly, the material of osteoporosis who had prominently viable bone, also a trabecula is modeled as being homogeneous and indicate that bone remodeling and microfracture re-isotropic. This also is a simplification of reality. Finite pair are related to the presence of sufficient viable osteocytes in bone. element analysis was used to calculate the mechani cal variables inside the bone specimen. The solution The mechanism by which the osleocyte within the process was introduced earlier by Mullender et al. bone may sense a mechanical signal still is subject (32) , who showed that the results were independent to speculation. It is believed that osteocytes are slim-of the finite element-mesh, as long as the elements ulated by the interstitial fluid flow caused by mechanwere smaller than the influencing parameter D and ieal loading, either indirectly by the detection of small enough to adequately describe the resulting tra becular structure from a continuum mechanics point of view. The location of the sensors within the mineralized matrix has consequences for the remodeling behavior.
streaming potentials (2 0 ) or directly by detection of shear stresses at the cell surface (49) , In addition, very little is known about the pathway by which the local mechanical stimuli are transduced into the activation of osteoblasts and osteoclasts. A coupling between the The stimulus for remodeling always originates from activity of these cell types has been established (34), within the mineralized matrix. Due to the decay of the and units of combined resorptive and formative cell stimulus with increasing distance, the model predicts populations are referred to as basic multicellular units that new bone is formed at the boundaries of existing (16) . Nevertheless, the regulation of these units still is obscure. It has been hypothesized that the osteocytes trabeculae, as it is in reality. However, resorption of bone is not restricted to the boundaries of trabeculae. communicate directly with adjacent cells through the In the model, in contrast to reality, it can take place osteocytic processes and that a signal propagates by wav of the osteoevtie network toward the osteoblasts at locations inside the bone matrix as well. Although this happened only if the loading configuration was and bone-lining cells at the bone surface (20, 29, 49) .
changed drastically this behavior is not physiological. Support for this assumption has been supplied by
The most striking behavior of the proposed control Jeansonne et al. (25) , who demonstrated electrical mechanism is the formation of trabecular-like patcoupling and molecular transport between osteo-terns, Weinans et al. (47) showed that positive feedblasts, and Doty (13) and Palumbo et al. (33) , who back loops in the regulating process cause spatial showed that gap junctions between osteocytes and discontinuity, As long ago as 1881, Roux described the osteoblasts exist. The lining cells and osteoblasts, in regulation of bone remodeling as a positive feedback turn, are thought to influence the proliferation and loop, when he stated that parts of the bone that are activity of osteoclasts (15, 30) . Furthermore, bone cells stressed more than other parts will increase their are involved in paracrine and possibly aulocrine el-strength, thereby unloading the other parts, which feels (39) . It has been shown that osteoblastic cells do then will eventually disappear, until a structure has produce local factors, and the sensitivity of osteoclasts and osteoblasts to several mediators also has been established (4, 15) .
In this study, we used a mathematical model to in developed where bone is present only at the locations where the highest stresses occur (40) , This phenome non also can be observed in the model and results in the formation of a trabecular structure whereby the vestigate if a local control mechanism, based on the regional influence of the osteocytes prevents spatial hypothesis that osteocytes are meehanoreceptors and instability. The development of the structure is such that the load is resisted by as few struts as possible, but the number and thickness of the struts are con-regulators of bone mass, actually can predict remod eling of trabecular bone as we would expect according to Wolffs law. In the model, we used quite simple trolled by the parameter values in the model, partierelationships for (a) the signal-sensing function of the ularly the region of influence of the osleocyte, the osteocytes, (b) the influence of the osteocytes on the reference strain energy, and the magnitude of the apaetor cells, and (e) the relationship between the slim-plied external load. The outcome of the regulatory ulus received and the change in local bone density. We process depends principally on the applied loads. It is assumed that the actual signal measured by the os-noteworthy that the signal controlling the process teocytes is related to stress and strain at its location.
the strain energy density-is a scalar and independent Hie strain energy density was used as the mechanical of stress orientation. Still, the results showed that the signal, and only the amplitudes of the strain energy trabecular architecture is formed in accordance with density were taken into account; hence, the influence the magnitude and the directions ot the external prinof strain rate was neglected, Only net changes in bone cipal stresses. Hence, the osteocytes would not need
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i n f o r m a t i o n a b o u t t h e local strain orientation in order the release ol local mediatois, the iclationship deto form, in concert, an anisotropic structure.
pends on the extent ol the netwotk, its connectivity, The adaptive behavior of the model was investigated and the diilusion rale ol the local mediators. Actual by change of the orientation or the magnitude ol the information about these taclois is lat iiom complete. principal s t r e s s e s and by artificial disconnection ol one It was shown heie that the elieet ol distance not only strut in an equilibrium architecture. In all three cases, is essential to the formation of trabecular patterns and the behavior of the model showed similarities with to the adaptive capacity ol the model but that it ¿11 so actual remodeling behavior observed in cancellous lias impoitant etlecls on the suucluic toimcd. 1 1 k bone. After the orientation of the principal stress was parameter D affects the refinement of the architecture as represented by the perimeter-to-area ratio, depend« ent on trabecular separation and thickness. Trabccular thickness is about twice the magnitude of the param eter D. This indicates that the domain of influence of an osteoeyte indeed has the same range as the extent of the connected osteoevtie network. Smaller values of D also resulted in a sliuhtlv lower total mass, which S * caused higher resultant strains and stresses in the tra beculae. This implies that the existence of a network changed, the architecture transformed to resist the new pattern of stress. In the newly formed structure, the orientations of the trabeculae approximate the new principal stress orientation. These predictions are consistent with Wolffs trajectorial hypothesis. When the level of load is changed, the model predicted that the architecture adapts by changing the thickness of the struts while maintaining the same number of struts. This is consistent with the results from Jce and Li (26) , who found that, in the overloaded limb of a in the bone, by which a local mechanical stimulus can rat, the trabecular number and separation remained affect the local area within a certain distance, is useful unchanged whereas the trabecular thickness increased for the regulation of the maximal local load. If, for instance, we compare the results from the model with the experimental finding that the trabec ular thickness of the iliac cancellous bone in normal significantly. Mosekilde (31) showed that, once discon nected, trabeculae are removed by resorption and sug gested this was due to mechanical adaptation. This behavior also was reproduced by the model. An im-humans is l(){)-2()0 pm and the trabecular plate sepportant observation is that, again, the regional influ-aration, 400-61)0 pm (35), we can estimate that the ence of the osteoeyte is essential to the remodeling* influence parameter D should be 50-100 pm. Neverbehavior of the model. In order to form new bone, the theless, although the predicted morphologies show a osteocytes' stimulus must reach outside the area of mineralized bone.
The model is particularly suited for investigation of dimensional structure, and a three-dimensional model is needed in order to compare the predicted morphol ogy with actual trabecular bone, The distribution of mechanical variables, principal general resemblance to actual trabecular morpholo gies, the trabecular structure essentially is a three Ml the dependence of the remodeling behavior 0 1 1 the physiological parameters in the remodeling process. Variation of the osteoeyte density within a certain range influenced only the remodeling rate in the stress, principal strain, and strain energy density was model. This result is in agreement with the finding that nonuniform. Fyhrie et al. ( 17, IS) and van Rielhcrgen osteoeyte lacunae are larger and more numerous in et al. (46) showed that values for stress, strain, and regions of bone with a higher bone turnover than in strain energy density varied widely in a piece of regions with a lower turnover (6 ) . However, lack of trabecular bone loaded by uniaxial displacement. Alexperimental data prevents further verification of this though these authors did not use physiological loads, finding. For extremely low osteoeyte densities, remod-it seems likely that there are always parts in the bone eling rates depend predominantly on the distance from the osteocytes* whereas resorption especially oc curs most rapidly at the location of the osteoeyte itself.
that are stressed more than other parts, This assump tion is consistent with our results.
In conclusion, it was demonstrated that the genesis The result is that in some areas the osteocytes disap-of trabecular morphology, its transformation induced pear, while the surrounding bone remains, in the end by changes in the loading pattern and the alignment leaving very few osteocytes. Although this behavior of of trabeculae with the principal orientations of the the model is not compatible with reality, it implies that stress patterns-in accordance with Wolffs hypothe a certain minimal number of osteocytes is necessary sis-can be explained as the result of a local biological for adequate functional adaptation.
The function fi(x) with the influencing parameter D represents the relationship between distance and the osteocyte's influence on its environment, where an increase of D results in a larger influencing domain of the osteoeyte. If it is assumed that osteocytes commu nicate through the osteocytic network and by way of control process. It was shown that many features of bone remodeling can be explained by assuming a rel atively simple mechanical regulatory process, The be havior of the model corresponds very well with actual remodeling behavior observed in trabecular bone. This mathematical model can be useful for the inves tigation ol the eileets ol physiological parameters. such as density of osteocytes, dom ain of their influ ence, degree of m ineralization, and distribution of stress. F u rth e r validation of the hypothetical regula tory m echanism currently is ongoing.
O u r results do not prove that the regulation model p ro p o sed is correct. T hey do prove, however, that R o u x 's hypothesis was realistic: m orphogenesis, m ain tenance, and adaptation of bone can be explained by a (surprisingly simple) local, cell-based control process.
